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We present a realisation of high bandwidth instrumentation at cryogenic temperatures and for
dilution refrigerator operation that possesses advantages over methods using radio-frequency single
electron transistor or transimpedance amplifiers. The ability for the low temperature electronics to
carry out faster measurements than with room temperature electronics is investigated by the use of
a phosphorous-doped single-electron transistor. A single-shot technique is successfully implemented
and used to observe the real time decay of a quantum state. A discussion on various measurement
strategies is presented and the consequences on electron heating and noise are analysed.
PACS numbers: 71.30.+h, 71.55.Gs, 72.10.Fk, 72.15.Rn, 72.20.Ee, 73.20.Fz, 73.23.Hk
I. INTRODUCTION.
The ability to carry out high speed current measure-
ments on nanoscale solid state devices is essential for
quantum information, in implementations where rapid
decoherence limits the timescale for readout.[1] Conven-
tionally, such a current measurement would make use
of an ideal room temperature operating transimpedance
amplifier and the measurement speed would be limited
by a low pass filter effect due to the output impedance
of the nanodevice and the capacitance of the connect-
ing cable. In measurements at low temperature, this
cable capacitance is significant due to the large length
between the room temperature transimpedance ampli-
fier and the nanodevice. This combined with the high
output impedance of semiconductor single electron tran-
sistors [2] results in a practical measurement bandwidth
of a few 100Hz. Alternatively, a high speed conductance
measurement may be carried out using radiofrequency
techniques.[3] This offers a much higher measurement
bandwidth, but requires the nanodevice to be connected
to the room temperature measurement system using high
bandwidth cables. In previous work,[4] it has been shown
that a low pass filter is required on all connections to
the nanodevice in order to prevent electron heating.
The electron heating is manifest in degradation of the
Coulomb oscillations. Another measurement technique
is to integrate the current onto a capacitor for a fixed pe-
riod of time and then to measure the increase in voltage
across the capacitor. This approach has much greater
complexity compared to the transimpedance amplifier,
since the capacitor must be periodically discharged. But,
∗Electronic address: taf25@cam.ac.uk
such a function may be implemented without the use
of high value resistors and so can operate under cryo-
genic conditions. By operating the measurement circuit
at low temperature, the cable to the nanodevice can be
considerably reduced in length, so that the low pass fil-
ter effect is diminished and a much higher measurement
bandwidth is possible. In this paper, we describe the use
of a custom complementary metal-oxide-semiconductor
integrated circuit that operates at 4.2K (LTCMOS) and
is compatible with dilution refrigerator operation. The
capabilities of this measurement circuit are investigated
through the characterisation of a phosphorous-doped sili-
con single electron transistor (SET) [5, 6] which is known
to be sensitive to microwave irradiation.[7] A significant
improvement in measurement speed was found compared
to the conventional approach using room temperature
transimpedance amplifiers (∼ 104 times faster [8]). Fi-
nally we show that such an approach enables the real
time evolution of system states to be monitored by a sin-
gle shot technique [9] due to the reduction in microwave
heating compared to the conventional approach.
II. LOW TEMPERATURE
INSTRUMENTATION AND TEST DEVICE
A. Fast measurement techniques
A transimpedance amplifier outputs a voltage propor-
tional to its input current and can easily be built from an
operational amplifier and a single resistor. However, in
a non-ideal transimpedance amplifier, the measurement
bandwidth is limited by the time constant resulting from
the feedback resistor of the amplifier and the stray ca-
pacitance. The value of this resistor increases with the
sensitivity so that the amplifier generally imposes a mea-
surement speed limit for the lower current ranges. Op-
2erating the transimpedance amplifier at low temperature
reduces the capacitance but causes a considerable varia-
tion in the characteristics of the high value resistors used
in the feedback circuit and a significant heat loading es-
pecially when in close proximity to the device.[10]
Alternatively, a radiofrequency (RF)-based SET gives
a measurement bandwidth up to few tens of MHz. The
SET device is embedded into a resonant circuit and the
RF reflectivity from the source contact is measured. The
variation of charge in the device then modifies the con-
ductance of the SET so modulating the amplitude of the
reflected wave. Because of the high frequency operation,
the 1/f noise, due to the background charge, is reduced.
However, these methods cannot be used with devices such
as phosphorous-doped silicon SETs that are sensitive to
microwaves.[4, 7] Indeed the use of RF induces a signif-
icant increase in the electron temperature of the device
but filtering is not applicable in this situation. Also RF
may induce irreversible charge movements or charge tun-
nelling in the SET island that affect capacitances.
Small currents may also be measured using a charge
integration circuit. By avoiding the need for a high value
resistance, the charge integrator is made more compati-
ble with cryogenic operation. The operation of a charge
integrator is significantly more complicated than that of a
transimpedance amplifier. Switching circuits are needed
to periodically discharge the integration capacitor and
these additional circuits are conveniently accommodated
within a purpose made application specific device, des-
ignated for cryogenic operation. By appropriate choice
of the integration capacitance and switching times, the
charge integration circuit may be operated at signifi-
cantly greater speed than an equivalent transimpedance
amplifier.
B. Measurement setup
1. LTCMOS ASIC
The measurement unit consists of a custom LTCMOS
Application Specific Integrated Circuit (ASIC) and a
room temperature Data AcQuisition (DAQ) and commu-
nication box. The LTCMOS ASIC supplies the gate (Vg)
and source-drain voltages (VSD) and measures the SET
drain current (ISD). A high speed and sensitive current
measurement is achieved by using the SET current to
charge a very small value capacitor for a predetermined
time. The voltage level on the capacitor is then sam-
pled by the DAQ and communication box, and then dis-
charged periodically. 100 fF, 1 pF, and 10 pF capacitors
and sampling periods as low as 25µs may be selected un-
der computer control to adjust the speed and sensitivity
of the measurement. The maximum sampling time and
input current are limited by the saturation of the capac-
itor voltage measurement circuit. The measurement res-
olution and noise are a function of signal level, sampling
time, and measuring circuit capacitance. Parasitic input
capacitances (such as that due to the cable between the
LTCMOS ASIC and the device being tested) also degrade
the noise performance. For improved measurement qual-
ity it is therefore desirable to minimise the cable length to
the SET and use a cryogenic measurement system. The
DAQ and communications box at room temperature acts
as a controller for the LTCMOS ASIC plus a data digi-
tiser and recorder for the integrated signal data that is
sent back from the LTCMOS ASIC. This data is then
transmitted via gigabit optical Ethernet to a host com-
puter for storage and analysis (Fig. 1). The measurement
units are integrated into a custom designed probe that
is constructed from thin walled stainless steel tubing to
minimise heat transfer from the room temperature parts
into the cryostat. The probe is intended to be inserted
into a dilution unit and is divided into a number of levels
corresponding to the structures of an Oxford Instruments
Superconductivity KelvinOxTM 400 dilution refrigerator.
Copper plates and clamps at the mixing chamber, cold
plate, still, 1K pot and 4K plate levels allow thermal cou-
pling of signal cables to avoid thermal loading to lower
levels. The heat load from the LTCMOS ASIC is also
transferred to the helium bath via the 4.2K plate by this
method. A custom designed device carrier is mounted
at the bottom of the probe to hold the device package
and microwave feed and provide thermal coupling to the
mixing chamber.
2. Mounting for microwave experiments
Devices were mounted onto 20 pin leadless header
packages that are suitable for signal frequencies up to
∼1GHz, according to the manufacturer specifications.
However the inductance due to the bond wires (30µm di-
ameter and 1mm length) and the resistance of the doped
silicon leads (sheet resistance ∼1kΩ.−1), in combina-
tion with the stray capacitance to the substrate, causes a
significant attenuation at high frequencies. While this
bandwidth is more than sufficient to carry the gate,
source and drain voltages as well as current measurement
signals, it is not fast enough to carry a microwave manip-
ulation pulse, which may include signal frequencies be-
tween 1 to 20GHz so that the microwave coupling to the
device needs to be implemented differently. In previous
work, this difficulty has been overcome by embedding the
device in a microwave printed circuit board and by using
coplanar waveguides for the high frequency signals.[11]
However, it is difficult to match the impedance to the
one of the device in this approach, due to the problem
of providing a 50Ω terminating resistance close to the
nanostructure. As a result, standing wave effects make
the microwave power coupled to the device depend on
frequency. In addition, it is known that the signal leads
need to be low-pass filtered (typically preventing frequen-
cies above ∼1MHz from propagating to the device) to
avoid significant degradation of the Coulomb characteris-
tics through electron heating (see Sec. II. C. 2.). The ap-
3proach used here employs an open ended semi-rigid cylin-
drical waveguide (RG402) to weakly couple microwaves
in the frequency range from ∼1-20GHz to the device in
a global manner. By controlling the distance between
the device and the end of the waveguide standing wave
effects may be avoided. The base of the header package
is a thick gold layer (much thicker than the skin depth
in the relevant frequency range) and so provides an effi-
cient reflector of microwaves. Part of the incident wave
is reflected back from the base of the header package into
the waveguide with a phase change of pi radians from the
incoming signal. The remainder of the microwave signal
is able to pass between the end of the waveguide and the
header package base. This part of the microwave signal
is also subject to a reflection due to the propagation from
an environment with 50Ω waveguide impedance to an en-
vironment with a characteristic impedance of 377Ω.−1.
This second reflection is in phase with the incoming signal
in contrast to the reflection from the base of the header
package. By adjusting the gap between the end of the
waveguide and the base of the header package (∼1mm),
these two reflections can be matched in amplitude so that
the cavity behaves as a 50Ω termination. As this effect
is determined by geometry rather than electrical proper-
ties, the impedance matching is independent of frequency
and temperature over a wide range.
3. Microwave Experimental setup
Measurements were controlled by a LabView program
running on a computer that integrated the LTCMOS in-
terface, with an Agilent E8257D-520 PSG Analog Signal
Generator and an Agilent B1130A pulse pattern genera-
tor linked via a GPIB bus (Fig. 1). The microwave source
provides continuous wave (cw) signals to 1Hz precision
at power levels of up to +15dBm; the frequency may be
changed on a time-scale of a few milliseconds. The cw
microwave signal is passed through a Herotek single pole
single throw S1D0518A4 PIN switch, which has a switch-
ing time of about 30 ns. The PIN switch is controlled
by a B1130A Pulse Pattern Generator (PPG), allowing
arbitrary on-off switching patterns to be implemented
within the limitations imposed by the switching time of
the PIN switch and the memory capacity of the PPG. A
trigger signal generated by the DAQ and communication
box is used to synchronize the start of a sequence of cur-
rent measurements with the initiation of a pulse sequence
from the PPG. Most of the signal path makes use of flexi-
ble SMA terminated microwave cable so that some signal
loss occurs. The microwave power available at the de-
vice from this setup was sufficient for cw measurements,
but for pulsed measurements an additional amplification
stage, based on a Mini-Circuits ZX60-5916M-S preampli-
fier and an output stage using a BFM21 FET, was used to
increase the microwave power to about +25dBm (in the
range up to a few GHz). Most of the measurements were
performed at 4.2K by immersing the probe in a liquid
pattern generator
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FIG. 1: Schematic of the measurement setup. Arrows indi-
cates directional communication between apparatus.
helium dewar for preliminary assessment and to provide
an efficient thermal coupling to the 4.2K bath. Com-
plementary experiments were carried in the internal vac-
uum chamber of the dilution refrigerator but placed addi-
tional constraints on power dissipation especially during
microwave experiments.
C. Device fabrication and DC characteristics
1. SET as a test device
A highly doped silicon SET was chosen to test the
LTCMOS since the characteristics of these devices have
been widely explored previously using a variety of room
temperature measurement systems. The SETs used in
this work are fabricated from a standard silicon-on-
insulator (SOI) substrate having a 30 nm-thick highly-
doped silicon layer. Phosphorous atoms were ion im-
planted, resulting in a post-annealing concentration of
∼ 1020 cm−3. High resolution electron beam lithography
and reactive ion etching were used to pattern a single is-
land of diameter ∼60nm. The 30-nm width constrictions
that separate the island to the connecting source and
drain leads are depleted of electrons and act as tunnel
barriers. The formation of such barriers has been widely
investigated and will not be discussed here.[12] Thermal
oxidation is then used to reduce the island size and tunnel
barrier widths as well as for surface passivation, resulting
in a significant reduction in random telegraph switching.
The devices are controlled by an in-plane gate that is
formed using the same SOI layer. Several devices were
processed identically and behaved similarly. The follow-
ing results are presented for a specific device that was
chosen for its high reproducibility in time as well as for
its high signal to noise ratio.
42. DC characteristics and electrical noise heating
All measurements were performed using the 1 pF cur-
rent measurement capacitor in the LTCMOS ASIC which
gave the best signal-to-noise ratio (SNR) of the three
possible values. The visibility of Coulomb blockade os-
cillations at 4.2K is poor with a SNR of about 18:1
for VSD=2mV and a significant background conductivity
(Fig. 2) when compared with conventional room tem-
perature equipment. From the dependencies in gate and
source drain bias, it is possible to extract estimates for
the gate and drain level arms, e.g. αg and αD:
αg = Cg/CΣ and αD = CD/CΣ (1)
where Cg, CD and CΣ are the gate, drain and total
capacitance extracted from the Coulomb diamond slopes.
We find αD ∼ 0.53 and αg ∼ 8.7 × 10
−3 and that
both values are approximately independent of gate volt-
age. The SET diameter determined from the scanning
electron microscope (SEM) is about 60 nm, so that the
first excited state in the dot is expected to be at 1.1meV
above the ground state, a value somewhat larger than the
thermal broadening at helium temperature (∼ 0.4meV).
Under this condition, the electron temperature Te can be
estimated from :
αg ∼ 3.5kBTe/ (eW ) (2)
where W is the width of the Coulomb peak.
This approximation is valid as long as the intrinsic
linewidth of the Coulomb peak is negligible compared
with the thermal broadening, e.g. T > 4.2K in the
present case. For Vg=-0.039V and VSD=2mV, we find
Te ∼ 9.0K implying significant electron heating.
In the absence of deliberate microwave irradiation,
high frequency electromagnetic noise was found to be
the major source of electron heating in the present ex-
perimental setup. Apart from electrical noise coming
from the LTCMOS itself, the room temperature con-
trol electronics that contains digital circuitry operating
at clock speeds of 25MHz and 125MHz (plus a 1GHz
internal clock to the optical transceiver) may contribute
to the noise that propagates down to the device. For
equivalent measurements, made using conventional room
temperature electronics, such as Keithley 236 source-
measurement units for example, this problem may be cir-
cumvent by using 2MHz cut-off frequency low pass filters
(MiniCircuits BLP1.9) on each lead connecting the de-
vice. Unfortunately, the high capacitance of the BLP1.9
circuit prevents its use with the charge integrating cir-
cuit of the LTCMOS circuit as the noise gain is greatly
increased. In this case, we used a single stage resistor-
capacitor low-pass filter made of a ceramic capacitor and
a metal film resistor because of the materials being tem-
perature independent. To extend the high frequency cut-
off, ferrite beads were attached to the filter inputs and
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FIG. 2: Coulomb blockade oscillations when lines are not
filtered (left) and after adding the low temperature RLC filter
to the circuit (right). The measurement was taken at 4.2K
with source-drain biases from -2mV (bottom) to 2mV (top).
outputs. The ferrite material was chosen so as to sup-
press noise over a wide range of frequencies as well as to
enhance its efficiency at low temperature. Filters were
placed near the device to remove electromagnetic noise
as well as to thermally anchor the leads. Unlike a normal
inductor, ferrite beads absorb the energy and dissipate it
as heat. However the amount of heat is negligible and
does not contribute to electron heating effects. The cut-
off frequency at 4.2K was 2MHz so that single shot mea-
surements were not affected by the filters. The use of this
cryogenic filter improved the SNR of the Coulomb block-
ade oscillations to 64:1 and resulted in the appearance of
blockade regions with zero current.
For Vg=-0.083V and VSD=2mV, we find αD ∼ 0.44,
αg ∼ 3.9 × 10
−2 Te ∼ 4.6K and the charging en-
ergy was about 4.3meV. We also find Cg ∼ 2.0 aF and
CΣ ∼ 37.0 aF and a corresponding dot diameter of about
57 nm, assuming a spherical dot. This value is in good
agreement with the dot size determined from SEM imag-
ing. The electron temperature was thus efficiently re-
duced to a value close to the lattice temperature during
liquid helium immersion measurement (Fig. 2).
For measurements in the dilution refrigerator, the sam-
ple is located in a internal vacuum chamber so that the
lower operating temperature reduces the thermal conduc-
tivity and specific heat capacity in the device. These ef-
fects make the problem of electron heating in the dilution
refrigerator much more severe than for liquid helium im-
mersion measurements. A base temperature, measured
by the mixing chamber thermometer, of 27mK was ob-
tained for dc measurements and 60mK for microwave
experiments due the additional heat loading from the
waveguide. The electron temperature was estimated to
be Te ∼ 300mK for VSD=-2.25mV, 150mK for -1.75mV
and about 80mK for 1.25mV after correction for the
source drain offset of 0.75mV for dc measurements.
53. Continuous microwave spectroscopy and microwave
heating
In previous work, the CW microwave excitation has
been found to consist of a large number of resonances
that are detectable with the LTCMOS when the mi-
crowave power P at the source is greater than about
-20 dBm (see Fig. 3a and b).[4] These resonances ex-
hibit a wide range of amplitudes and quality factors with
the largest amplitudes corresponding to the lowest Q val-
ues (Fig. 3c). Far from being a unique case, the pres-
ence of resonances with high Q value have also been ob-
served in TiO2 sol-gel based high-k gate dielectric silicon
MOSFETs where they result from resonant excitation
between trapped states.[13] Previously resonant features
have also been observed in a SET. Manscher noticed an
increase of source-drain current in an Al/Al2O3/Al SET
as a result of enhancement of the cotunneling effect due
to microwave induced heating.[14] However, in the res-
onances observed here, we noticed the presence of both
a relative increase and a relative decrease in the SET
current, which is inconsistent with an explanation based
on heating. Also, in our setup, a variation in the mi-
crowave power does not induce a relative change in the
current through a modification of the microwave coupling
constant because of the method used to couple the mi-
crowave to the device. Finally, figure 3c shows that a
same mechanism is responsible for both high and low Q
resonances.In the case of a highly doped silicon SET, the
resonances are likely to result from a tunnelling process
that is well isolated from the environment (Fig. 3b).
From the Lorentzian shape of the resonances and their
width that is five or six orders of magnitude lower than
kBT , it has been shown that the most likely electronic
process that is taking place is phononless transport like
in frequency driven two-level tunneling systems [15] or
trap assisted tunnelling via localised states in or around
the SET island.
These localised states are favoured by the presence of
phosphorous donor in the device despite their metallic-
like density. Because of surface segregation of dopants
from the silicon that was consumed by thermal oxida-
tion, a significant number of donors are embedded into
a silicon oxide matrix leading to numerous electrons be-
ing localised in states on the sidewalls of the SET.[16]
This effect is enhanced by the large surface state den-
sity found on the non-(100) surfaces forming the side-
walls. The presence of these trapped electrons induces
sidewall depletion that may result in the creation of tun-
nel barriers in small width silicon region. The electron
displacement, due to a tunnelling process occurring be-
tween localized states, modifies the electrostatic environ-
ment in the SET island so that the magnitude of the
measured current is changed. Localised states in the di-
rect transport pathway are expected to lead to low Q
resonances with large amplitude due to the short resi-
dence time of the electron. Whereas more remote states
are expected to lead to the higher Q, but lower ampli-
tude, resonances. Electron displacement can lead to an
increase or decrease (or combination of these) in the SET
current depending on the proximity and orientation of
the localized states with the respective tunnel barriers
to the island. Coupling to the phonon bath is weak and
electronic processes happen over a timescale shorter than
the thermalization time, so that the resonance widths
∆ν0 could be related to the energy loss mechanism in
the system using Q = piν0/∆ν0 ∼ piT0ν0, where T0 is
the energy relaxation time of the system [17] and ν0 the
resonance frequency.
In the Coulomb blockade regime, the conductivity os-
cillations are known to be sensitive to electron temper-
ature through a change in the Coulomb peak lineshape
and an increase in the background conductivity. As mi-
crowave irradiation inevitably leads to electron heating,
the visibility of the oscillations can be used to deter-
mine the maximum usable microwave power before no-
ticeable heating occurs (Fig. 4a). As demonstrated by
Manscher,[14] in a Al/A2O3/Al SET, the co-tunneling
effect is modified in the presence of an ac signal and the
conductivity is linear (respectively quadratic) with mi-
crowave power in the conducting (respectively blockade)
regime to the second order perturbation (Fig. 4b and c).
Away from the resonance conditions as described previ-
ously, most of the microwave absorption occurs in the
substrate by coupling to the low electron density in the
lightly doped silicon. Because of the efficient coupling
between the silicon substrate and the phonon bath, the
temperature of the silicon will then rise until the thermal
losses match the incoming microwave power.
We experimentally found that a 10% increase in the
temperature of the silicon substrate would lead to a no-
ticeable change in the Coulomb blockade oscillations.
In the case of a direct immersion into liquid helium
at 4.2K, the thermal impedance is dominated by the
Kapitza resistance between the semiconductor and the
liquid cryogen.[18] From the value of the Kapitza coeffi-
cient between silicon and 4He [19] and for a device dimen-
sion of 2.5 mm × 2.5 mm × 0.25 mm, we estimate that
power needed to cause such an increase of temperature is
about 4mW for that geometry. As the cooling power of
helium gas is much greater than for the liquid, this may
underestimate the heat load required since even a mod-
est rise in temperature would result in boiling off liquid
helium. The situation in the dilution refrigerator is very
different. As the sample is in vacuum, the heat load is
taken mainly by the sample wires (200µm diameter and
10 cm long), which are thermally anchored to the mixing
chamber. At the lowest operating temperature (about
60mK) and by using the value of thermal conductivity
for pure copper, the minimum power is reduced down to
0.1µW. The lower thermal conductivity to the thermal
anchoring and the reduced tolerance to temperature rise
at the lower temperatures in the dilution then greatly
reduce the maximum power that can be coupled to the
device.
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FIG. 3: a) Gate oscillations at 4.2K under microwave illumi-
nation with P = 0dBm (top) down to -15 dBm (bottom). b)
Variation of the current with microwave power in the conduct-
ing region( Coulomb blockade maxima as designed by symbols
in a)). c) Variation in the blockade regime where cotunneling
is expected to be the dominant transport mechanism. Sym-
bols refer to maxima and minima in the Coulomb blockade
oscillations as designed in a).
III. AN EXAMPLE OF FAST MEASUREMENT :
THE SINGLE-SHOT TECHNIQUE.
A. Single shot measurement
The high Q value and resonant frequency suggests that
the lifetime for the associated excitation can be as long
as 100µs for some resonances. With the larger measure-
ment bandwidth afforded by the use of the LTCMOS, the
real-time evolution of the source-drain current after the
application of a short microwave pulse can be measured.
This technique is also known as a single shot measure-
ment. This procedure consists of sending a single mi-
crowave excitation pulse of duration tp whilst carrying
out current measurements at intervals tm with the con-
dition tp ≤ tm ≪ τ ≪ tr where tr the time between
repeated single shot operations and τ the quantum state
lifetime. To this purpose, a well-isolated resonance on
a level background at a frequency ν0 ∼ 2.718GHz was
selected from a cw measurement at a power of +9dBm,
with a charge integration time of 200µs and averaging
the results over 200 measurements (Fig. 5).
This results in a signal-to-noise ratio of about 100:1.
The width of the chosen resonance was about 207kHz,
for which the corresponding relaxation time is T0 ∼ 5µs.
A single shot measurement was then performed by reduc-
ing the charge integration time to 20µs and using a mi-
crowave pulse of duration of 2µs. The microwave power
was increased to about +25dBm using a power amplifier
to compensate for the decrease in the signal amplitude.
These conditions also greatly reduced the SNR compared
to the cw measurement, so we proceeded to a to a numer-
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FIG. 4: Time evolution of the relative SET current off reso-
nance (νoff = 2.716GHz) and on resonance (ν0 = 2.718GHz).
The inset shows the real-time decay of the current.
ical average over 1000 identical and independent single-
shot measurements. The delay in the trigger signal causes
the microwave pulse to arrive at t ∼ 0.8ms (Fig. 5). The
signal measured in single shot mode also contains some
very large damped oscillations, which do not depend on
the nature of the microwave pulse. They are even present
in the absence of the microwave pulse and are probably
due to broadband radiofrequency excitation due to the
digital signals in the control circuits. By tuning the mi-
crowave frequency to on or off resonance, the effects of
these background oscillations may be removed. The dif-
ference between these is an exponential decay with a time
constant τ ∼ 90µs. This value is more than one order of
magnitude longer than that found from the cw linewidth
measurement. As the time-averaged power in the pulsed
measurement is a factor of 1000 less than that used in the
cw measurement, this difference in relaxation time may
result from the much greater microwave-induced electron
heating in the cw measurement. The lifetime τ corre-
sponds to the time for the microwave-excited electron to
relax to its original state or to escape. Long lifetimes
are consistent with glassy behaviour,[20] a characteris-
tic manifestation of Coulomb interaction in systems with
localized states. The disorder in the highly doped sil-
icon system is probably due to the random placement
of phosphorous donors. The dynamics of transport and
relaxation in this system results from the competition
between disorder and Coulomb interactions.
B. Measurement methods comparison
1. Single shot spectroscopy versus cw and pulse microwaves
A comparison of the lifetime T0 deduced from the res-
onance linewidth in a cw measurement and the lifetime τ
obtained from a single shot measurement, indicates that
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FIG. 5: Single-shot mode spectroscopy showing a very
high Q resonance at 60mK. Measurements were taken with
P =7dBm, a gate voltage of 34mV, a source voltage of 2mV
and a pulse duration of 2µs
the Q value may be considerably underestimated by cw
spectroscopy. Indeed, the continuous application of mi-
crowaves, at power levels needed for signal detection, sig-
nificantly raises the electron temperature and so reduces
the visibility of the resonances due to the enhancement
of thermally driven relaxation and consequently the Q
value. This problem is more acute in a dilution refrig-
erator compared with the liquid helium immersion ex-
periment because of the difference in specific heat capac-
ity and thermal conductivity of the system as discussed
in section II. C. 3. The strategy to maintain a reason-
able SNR during single shot measurements is quite com-
plex and generally requires the time delay to be adjusted
between to successive measurements. This reduces the
overall measurement speed but allow the device to ex-
change heat with the mixing chamber through the cop-
per wires. In single shot measurements, the time av-
eraged microwave power is greatly decreased by using
pulses, even though the instantaneous power is signifi-
cantly higher than in the cw case. This problem is cir-
cumvented by using the single-shot approach for spec-
troscopy. The signal amplitude at each frequency, is
taken from the first current measurement point after the
arrival of the microwave pulse, in single shot mode, i.e.
at t = 825µs. This method resulted in the observation of
resonances with Q factors as high as 400,000 measured in
the dilution refrigerator and at a temperature of 60mK
(Fig.6) with negligible microwave induced heating.
2. Single shot technique versus standard time dependence
measurement
Other methods are proposed in order to implement
time dependence measurements and may have even
higher bandwidth. This is the case of RFSETs [3] where
the time dependence is extracted from current spec-
troscopy by the use of a Fourier transform. This method
allows ultra-fast measurement with a bandwidth of the
order of 100MHz, but cannot be used in devices that
are sensitive to radio-frequency signals as is the case for
doped or undoped silicon SETs.[21] Also, high frequen-
cies are incompatible with the signal filtering that is es-
sential in reducing the electron temperature.
A time average measurement has also been used when
the evolution of a quantum state could not be monitored
in real-time due to measurement bandwidth limitations.
In quantum computing architectures such as Gorman’s,
[8] this method requires the measured current to be aver-
aged over a large number of identical gate voltage pulses,
with the condition that the next pulse is applied be-
fore the excitation, due to the previous pulse, can fully
decay.[22] This limits the time between successive pulses
and assumes long term stability of the system under in-
vestigation. By contrast, the single shot measurement
technique allows the real-time evolution of the system to
be recorded after excitation by a single pulse, starting
and finishing with the system in a fully relaxed state.
IV. CONCLUSIONS.
We have realised a high bandwidth low temperature
CMOS amplifier circuit based on charge integration for
the use in dilution refrigerators. This allowed to imple-
ment the single shot measurement technique and observe
slow-decaying electronic states in a phosphorous-doped
silicon single electron transistor. In order to address the
issue of electron heating usually occurring during contin-
uous microwave spectroscopy, we have developed a single
shot spectroscopy technique that permits the observation
of high quality factor resonances up to 400,000 at 60mK
that were not observable by other methods.
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